We have measured intracellular calcium concentrations in basal conditions and in response to cholecystokinin-octapeptide and acetylcholine in pancreatic acini isolated from rats with caerulein-induced acute pancreatitis and compared them with those in control rats. 2. We also measured amylase secretion in basal conditions and in response to cholecystokininoctapeptide in both groups. 3. In pancreatic acini from rats with pancreatitis the basal intracellular calcium concentration was significantly increased (134.9 k 7.1 nmol/l compared with 71.8 k 2.9 nmol/l, P< 0.001). Moreover, the maximum values of intracellular calcium attained during the stimulation period were equivalent in acini from control and pancreatitic rats with no statistically significant differences. 4. In acini from control rats the differences between the resting levels of intracellular calcium and the maximum intracellular calcium values (A[Ca2']J in response to several concentrations of cholecystokininoctapeptide showed a clear doseresponse relationship, with a half-maximal increase at 0.1 nmol/l and a maximal difference (A[Ca2 'Ii = 259 k 50 nmol/l) at 1 nmol/l. In contrast, a right-shifted response, with a statistically significant smaller increase, was observed in acini from pancreatitic rats. 5. Basal amylase release was significantly higher in acini from rats with pancreatitis (11.7 f 1.0% of total compared with 5.9+ 1.1% of total, P<O.OOl). In contrast, cholecystokinin-octapeptide and acetylcholine-evoked amylase secretion was reduced by more than 85% in acini from pancreatitic rats. 6. In conclusion, calcium homoeostasis in pancreatic acinar cells from rats with caerulein-induced pancreatitis seems to be impaired. These results suggest excessive release of acinar free ionized calcium, or damage to the integrity of mechanisms that restore low resting levels of intracellular free ionized calcium, and the consequent calcium toxicity could be the key trigger in caerulein-induced acute pancreatitis.
INTRODUCTION
The pathogenesis of acute pancreatitis is poorly understood, despite well-recognized precipitating factors. Evidence suggests that the initial changes are intracellular: loss of secretory polarity, Golgi vacuolization, co-localization of zymogen granules and lysosomes, enzyme activation and disordered exocytosis have all been described [l] ; but the key intracellular trigger has yet to be identified. Alterations in the concentrations of cytosolic free ionized calcium ([Caz+li) mediate such diverse cellular responses as exocrine, endocrine, neurocrine and paracrine secretion, muscle contraction, cell growth, cell differentiation and cell death [2] .
Many studies using the caerulein hyperstimulation model of pancreatitis have been published [3-81 and have led to a better understanding of its pathophysiology, as well as potential therapy [9] . Although it is widely accepted that the response of the exocrine pancreas to secretagogues is clearly diminished in pancreatitis both in uiuo [7, 8, lo] and in uitro [7, 111 , to our knowledge, little attention has been paid to the way in which [CaZ+li could be affected in such a disease and, in case of the existence of some impairment in the control of [CaZ+] , whether this could contribute to the pathophysiology of the pancreatitis. A blockade of inositol trisphosphate generation has been observed in acute pancreatitis induced by a choline-deficient, ethionine-containing diet in mouse, and the agoniststimulated increases in cytosolic free Ca2 + levels were reduced [l2] .
Therefore, the aim of the present work was to study the changes of [CaZ+li in basal conditions and in response to stimulation with cholecystokinin-octapeptide (CCK-8) and acetylcholine (ACh) in pancreatic acinar cell suspensions from caeruleininduced pancreatitic rats, and to compare these changes with those in acini from control rats. Along with the analysis of [Ca"], a parallel study of enzyme secretion was performed in these cells.
METHODS

Materials
Collagenase type I11 from Clostridium histolyticum, caerulein, CCK-8, soya-bean trypsin inhibitor, BSA, ACh and digitonin were purchased from Sigma Quimica (Madrid, Spain). Fura-2/AM7 Fura-2 pentapotassium salt and pluronic acid F127 were obtained from Molecular Probes (Eugene, OR, U.S.A.). All other chemicals were analytical grade reagents.
Animals and treatments
Male Wistar rats weighing 250-300 g were used throughout this study. Acute oedematous pancreatitis was induced by four subcutaneous injections of caerulein (20 pg/kg body weight), at hourly intervals [3, 8) . A control group of animals received no treatment. All the animals were killed by cervical dislocation, and the pancreas was rapidly removed. The pancreatitic animals were killed 9 h after the first injection of caerulein.
Preparation of dispersed acini
The pancreas was placed in modified KrebsRinger-Hepes solution comprising NaCl, 130 mmol/ 1; KCl, 5 mmol/l; Hepes, 20mmol/l; KH,PO,, 1.2 mmol/l; D-ghcose, 10 mmol/l; CaCl,, 1 mmol/l; BSA, 2 mg/ml; soya-bean trypsin inhibitor, 0.1 mg/ ml. The pH of the solution was adjusted to 7.4. Pancreatic acini were prepared by digestion of the gland with collagenase, using methods described previously [13, 141 . The viability of the acini obtained by this procedure was greater than 95% in both experimental groups, as measured by Trypan Blue exclusion; however, in pancreatitic rats, a marked lower number of acini were obtained from each pancreas.
Amylase release
Amylase release was determined as described previously by Gardner and Jackson [l5] using the Phadebas reagent to measure amylase activity. Aliquots of 5 0 0~1 of the acinar cell suspension were incubated at 37°C for 30min. Amylase release was expressed as the percentage of amylase activity present in the acini at the beginning of the incubation that was released into the extracellular medium during the incubation (percentage of total).
Measurement of [Ca"],
For the measurement of [Ca2+],, cell suspensions were loaded by incubation with 4 ,umol/l fura-2/AM and 0.025% pluronic acid at 20°C for 40min with continuous shaking (60 cycles/min) while incubating with 100% 0,. After this period, cell suspensions were centrifuged and resuspended in fresh Krebs-Ringer-Hepes solution deficient in BSA and maintained at 37°C in a shaking bath (60 cycles/ min) for 30min for complete de-esterification of fura-2/AM. Two-millilitre aliquots of cell suspension (approximately lo6 cells/ml) were placed in a quartz cuvette in a Shimadzu RF-5001 PC spectrofluorimeter and continuously stirred at 37°C. Excitation wavelengths were alternated between 340 and 380nm, and emission was monitored at 505nm. Stimuli were added directly to cell suspensions in the cuvette to the final concentration indicated. The effect of CCK-8 was tested, using concentrations ranging from 10-"mol/l to 10-8mol/l. ACh was also tested, at a concentration of 10-5mol/l. At the end of each experiment, maximum and minimum fluorescence ratio values were obtained by the respective addition of digitonin (50 p1 of a 5 mmol/l stock solution) and EGTA ( 1 5 0~1 of a 0.5mol/l stock solution in 3mol/l Tris-HC1, pH 8.9). Values for [Ca2+li were calculated, after subtraction of background autofluorescence, according to the method of Grynkiewicz et al. [16] . The dissociation constant for the fura-2-calcium complex, determined in our fluorimeter under conditions used subsequently for cellular determinations, was 104 nmol/l and this value was used in calculating [Ca2+]ivalues.
Data analysis
All data are expressed as meanfSEM. Statistical comparisons between the values of control and pancreatitic animals were performed by means of Student's t-test for unpaired data. Analysis of the values within each group was performed by one-way analysis of variance, followed by Scheffk's test. Only values with P -= 0.05 were accepted as significant.
RESULTS
Basal values of amylase release were significantly higher ( P -= 0.001) in acini from pancreatitic rats (11.7+ 1.0% of total at 30min, n = 6 ) than in acini from control rats (5.9+1.1% of total, n=6). In acini from control rats, amylase release in response to CCK-8 reached a maximum at a concentration of 0.3 nmol/l and decreased at supramaximal concentrations of CCK-8 (Fig. 1) . Amylase release by acini from pancreatitic rats in response to different concentrations of CCK-8 was significantly lower than that observed in acini from controls rats, with a reduction in amylase release of over 85% (Fig. 1) . Moreover, amylase release evoked by 10-mol/l activity in acini present at the beginning of incubation that is released into extracellular medium during a 30min incubation. Each value was measured in duplicate; the points shown are the mean+SEM of six experiments.
ACh was also significantly lower ( P < 0.05) in acinar cells from pancreatitic rats (15.8 f 2.4% of total, n=7) than in control rats (22.8+1.8% of total, n = 6). Table 1 shows the values of [Ca2+li for the basal period, the peak in response to different concentrations of CCK-8 and 10-5mol/l ACh, and the plateau period after stimulation. Basal values of [Ca2+li were significantly higher (P < 0.001) in acini from pancreatitic rats (134.9 f 7.1 nmol/l, n = 20) than in acini from control rats (71.8 f2.9 nmol/l, n =42). Addition of 10-l o mol/l CCK-8 to the acini from control rats elicited a significant increase in [Ca2+], although it failed to induce a significant increase of this parameter in acini from pancreatitic rats. Moreover, CCK-8 at lo-* mol/l and lo-' mol/l significantly increased [Ca2+Ii in acini from both groups of animals, and the same observation can be seen in response to ACh, 10-5mol/l. Although the values of [Ca2+li were significantly higher in the basal and poststimulation periods (plateau) in pancreatic acini from rats with pancreatitis, the maximum values of intracellular calcium attained during the stimulation period (peak), i.e. after the addition of the stimulus, were, in most of the stimuli, equivalent in acini from both control and pancreatitic rats with no statistically significant differences. Figure 3 shows the differences between the resting levels of intracellular calcium and the maximum intracellular calcium responses (A[Ca2+li) in response to different concentrations of CCK-8. The A[Ca2+li in control acini was perceptible from a concentration of lo-'' mol/l CCK-8 upwards, with a half-maximal increase at 10-lOmol/l and a maximal difference of 259 f 50 nmol/l at lo-' mol/l. In contrast, a right-shifted response in acini from pancreatitic rats could be observed, with a negligible response to lo-" mol/l and 3.2 x lo-" mol/l CCK-8 and a statistically significant smaller difference, compared with the control group, in response to lo-", lo-' and lO-'mol/l CCK-8. Moreover, the A[Ca2+li observed in response to lO-'mol/l ACh was also significantly reduced ( P <0.01) in pancreatitic rats (1 55 f 26 nmol/l, n = 6) with respect to the control rats (21 3 f 32 nmol/l, n = 7).
DISCUSSION
Our results show that clear differences exist between the levels of [Ca2+li in a suspension of exocrine pancreatic acinar cells from normal and pancreatitic rats under basal conditions and, moreover, differences are also present in the A[Ca2+li after stimulation with CCK-8 and ACh. In addition, the basal values of amylase release were significantly higher in acini from pancreatitic rats than in acini from control rats. Furthermore, amylase release in response to different concentrations of CCK-8 and mol/l ACh was clearly and significantly reduced in acini from pancreatitic rats, as described previously [7] .
Our results show a 2-fold increase in the basal [CaZ+li of acinar cells from pancreatitic rats compared with control rats. This increase could be due to an alteration in the plasma membrane pathways that keep [Ca2+Ii at basal level, such as a possible decreased activity of plasma membrane Ca2 +-ATPase; another possibility to explain this higher [Ca2+li might be related to the particular method of induction of pancreatitis, since repeated injections of a secretagogue such as caerulein might finally produce a continued stimulation and hypersecretory state of the gland and, therefore, an impairment of calcium accumulation in the intracellular stores. It has also been suggested that the treatment with collagenase can damage the plasma membrane of animal cells [17] , and this treatment is unavoidable in the production of isolated pancreatic acinar cells. Although the pancreas from pancreatitic animals might be more susceptible to the treatment with collagenase and/or to the mechanical stress of the isolation procedure, we consider it unlikely that the differences observed by us between the two treatments could be ascribed to this possibility, since acini obtained from rats with acute pancreatitis showed the same viability, measured by Trypan Blue exclusion, as those from control rats It has been reported that the peak of [CaZ+li which appears in response to secretagogues comes from the intracellular stores [18] ; therefore, the peak of [CaZ+li reached in both control and pancreatitic rats after CCK-8 and ACh stimulation suggests that the Ca2+ pathways between the cytoplasm and the intracellular stores, activated by high concentrations of these secretagogues, do not seem to be altered in rats under caerulein-induced acute pancreatitis. However, the A[Ca2+li in response to high doses of CCK-8 and ACh 10-5mol/l is much lower in pancreatitic than in control rats, along with a lack of change in the [Ca2+li in response to low doses of CCK-8. This impairment could be related to a possible receptor desensitization; it has been described that the occupation of CCK receptors by CCK-8 or analogues causes downregulation of its own receptors and also regulates the affinity of other receptors, like cholinergic receptors [19] [20] [21] [22] . Another explanation for this impairment may be related to a loss of intracellular compartmentation, linked to the pancreatitis process.
Our results for amylase release are similar to those obtained by Niederau et al. [7] ; these authors show, in four different models of pancreatitis, an increase in the basal values of amylase release and a clear reduction by about 90% in amylase release in ( ' 95%).
lmpairme,nt of intracellular calcium in pancreatitis response to CCK-8 and caerulein. This fall probably results from disruption of the apical cytoskeleton, occuring after abusive stimulation of acinar cells with the CCK analogue caerulein [23] , and after sustained elevations of acinar [Ca2+li [2] .
Disordered calcium homoeostasis, particularly a prolonged excessive rise in [CaZ+] , is associated with cell damage in many tissues [2, 241 . Prolonged elevations of [Ca2+li may have deleterious effects on the calcium/calmodulin-dependent protein kinases and phosphatases that mediate many of the actions of calcium in animal cells; other effects of such prolonged elevations include activation of degradative Ca2 +-dependent proteases, phospholipases and endonucleases, ATP depletion from collapse of mitochondria1 membrane potentials, and cytoskeletal disruption [Z] . Moreover, stimulation of acinar cells with caerulein in uitro induces an increase in the synthesis of platelet-activating factor, a potent inflammatory mediator, which appears to be induced by an increase in [CaZfli [25] and to be involved in the development of acute pancreatitis in rats [lo] . Such effects may readily account for the acinar abnormalities that occur early in the course of acute pancreatitis [ 11. Moreover, pathophysiology of acute pancreatitis is characterized by a loss of intracellular and extracellular compartmentation, by an obstruction of pancreatic secretory transport and by an activation of pancreatic enzymes [26] .
In summary, our results support a hypothesis that caerulein-induced acute pancreatitis is triggered by abnormal, sustained elevations of acinar cytosolic [Ca2+li, which subsequently provoke the acinar cell abnormalities occuring early in the course of the disease.
